Nanocrystals of CuInS2 with the hexagonal wurtzite structure hold great potential for applications requiring efficient energy transport, such as photocatalysis, due to their anisotropic crystal structure. However, thus far their optical properties have proven difficult to study, as luminescence from wurtzite nanocrystals has only recently observed. In this work, we report the colloidal synthesis of single crystalline, luminescent CuInS2 nanocrystals with both the cubic and hexagonal structures. The crystalline phase, optical properties and mechanism of formation of nanocrystals are controlled by changing the reaction temperature. Photoluminescence is observed in the visible and near-infrared spectral regions, which results from the cubic and hexagonal nanocrystals respectively. Synthetic studies combined with XRD, TEM and EDS mapping provide evidence for the mechanisms behind phase selection.
Introduction
Semiconductor nanocrystals (NCs) have garnered significant attention from the scientific community due to their tuneable, size-dependent opto-electronic properties and large surface area. 1, 2 These properties give rise to many potential applications, including use in photovoltaic devices, 3 biological sensing, 4 as catalysts, 5 and photocatalysts. 6 Amongst the most commonly studied semiconductor NC systems are the II -VI cadmium chalcogenides. 7, 8 However, currently these systems are not optimal as the toxicity of Cd leads to concerns about disposal of NC containing devices and limits in vivo use. 9 Further they suffer from photoinstability under the conditions used for water splitting, restricting their use as photocatalysts. 10, 11 Therefore NC systems with different constituent elements, but similar opto-electronic properties are sought. Copper indium sulfide (CuInS2) is a particularly promising alternative to the cadmium chalcogenide systems, due to the lower toxicity of its constituent elements and its high photostability. 12 Further, the material has a direct band gap ~ 1.5 eV in magnitude, 13 ideally energetically situated for water reduction, and a large optical absorption coefficient (α > 10 5 cm -1 ). 14 NCs of CuInS2 have also shown unexpected phases not observed in the bulk, with nanocrystals reported in three distinct structures: chalcopyrite (CP), zinc blende (ZB), and wurtzite (WZ). 15, 16 CP, the thermodynamic product seen in the bulk phase, is a tetragonal distortion of the cubic ZB phase. It is also the most commonly produced phase and therefore has been extensively studied. [17] [18] [19] [20] The hexagonal WZ structure of CuInS2, only isolable thus far in nanostructures, is particularly interesting as it is anisotropic in the crystallographic c-direction. 21 The exploitation of this anisotropy will improve and control electronic, structural and chemical properties in light-absorbing technologies: the anisotropic electronic structure can be used for orthogonal charge propagation in solar cell or photocatalyst design; 22 the hexagonal crystal structure is being used to grow asymmetric nanocrystals, 23, 24 which can act as light absorbing antennae; 25 the anisotropic surface chemistry can be used to enhance epitaxial interactions to an appropriate substrate and has been used to increase charge transfer rates in solar cell design, improving efficiencies. 26 The WZ phase of CuInS2 nanocrystals was first identified in 2008 by Pan et al. 27 Since then, WZ CuInS2 NCs have been synthesized by a variety of methods with a range of accessible morphologies including plates, rods and spheres. [27] [28] [29] Fundamental studies on both cation ordering within the structure 30 and the electronic band structure of the material 31 have been undertaken. However, the luminescence properties of this material have not yet been completely elucidated, as few examples of luminescent WZ NCs have been reported and none synthesized via direct methods. 32 The mechanism by which the WZ structure is preferentially formed in colloidal syntheses is not yet fully understood. Several groups have shown evidence of a hexagonal copper sulfide intermediate, possibly achieved through the decomposition of a copper thiolate complex. 23, 27, 33 Others have evoked the role of stronger metal coordinating agents controlling nucleation kinetics. 34, 35 Without complete understanding of the mechanism, the production of single crystalline, monodisperse, quantum confined WZ CuInS2 remains a considerable challenge. Colloidal syntheses often instead yield polytypic NCs or hybrid particles composed of Cu2S-In2S3 or Cu2S-CuInS2. 34, [36] [37] [38] [39] [40] [41] In this paper, single crystalline NCs of CuInS2 are prepared by a colloidal synthesis through the reaction of In2S3 NCs, formed in situ, with a Cu-thiolate complex (Figure 1) . By changing the reaction temperature, the crystalline phase, optical properties, and mechanism of formation of the product can be controlled. We propose that at low reaction temperature, cubic This is the first report of WZ CuInS2, produced using a direct synthesis, with emission in the near-infrared. 32 This will facilitate the study of these NCs through luminescence spectroscopies. [44] [45] [46] The complete understanding of this material's optical properties is key to the realization of its potential in photovoltaic and photocatalytic applications. Furthermore the observation of NIR PL within the tissue transparency window, from NCs with non-toxic constituent elements, shows the promise of WZ CuInS2 for use in biological applications.
Experimental techniques Materials
Indium chloride (InCl3, Alfa Aesar, 99.99%), thiourea (SigmaAldrich, ≥ 99.0%), oleylamine (OlAm, Aldrich, 70%), copper (I) acetate (CuOAc, Strem Chemicals, 99%), 1-dodecanethiol (DDT, Aldrich, ≥ 98.0%), octadecene (ODE, Aldrich, 90%), diphenyl ether (Sigma-Aldrich, 99%) and tertdodecylmercaptan (t-DDT, Aldrich, 98.5%) were purchased and used as received. Standard air-free Schlenk techniques were used throughout with N2 as the inert gas.
Synthesis of CuInS2 NCs
CuInS2 NCs were prepared via the reaction scheme shown in Figure 1 . Briefly, InCl3 (111.5 mg, 0.5 mmol) and thiourea (77.5 mg, 1.0 mmol) were added to oleylamine (10 mL) in the reaction vessel, degased for 1 hr, and heated to the required temperature (115 -235°C) under a nitrogen atmosphere. Separately CuOAc (65.0 mg, 0.5 mmol) was suspended in ODE (500 μL), diphenyl ether (500 μL) and DDT (240 μL, 1.0 mmol). At the required reaction temperature, 1 mL of the Cu solution was injected quickly (< 1 s) into the reaction vessel. After 30 min, the heat was removed and the reaction mixture was cooled to room temperature. The obtained CuInS2 NCs were precipitated by addition of methanol/ acetone (v/v, 2:1) and then purified by repeated centrifugation and decantation with addition of methanol/ acetone and hexanes.
Transmission electron microscopy (TEM)
TEM images were collected and energy dispersive x-ray spectroscopy (EDS) was carried out using a FEI Tecnai Osiris™ digital 200 kV S/TEM system. TEM samples were prepared by drop casting a dilute NC solution in hexanes onto a nickel grid with a carbon support and drying in air at room temperature.
X-ray diffraction (XRD) and Rietveld Refinement
XRD measurements were performed using a Scintag XGEN-4000 X-ray diffractometer with a CuKα (λ = 0.154 nm) radiation source. The resulting diffraction patterns were then visually compared to literature data to determine the structure.
36, 47 Rietveld Refinement was performed using the General Structure and Analysis System (GSAS) suite of programs and the EXPGUI interface. [48] [49] [50] The GSAS suite of programs allows the refinement of parameters including site occupancy, atomic parameters, lattice parameters, background coefficients, peak profiles, atomic displacements and preferred orientation. The quality of the refinement is monitored by visual comparison of calculated and observed patterns, facilitated by plotting a difference curve below the x-axis, and calculating the goodness-of-fit parameter, χ 2 . 
Optical spectroscopy
The absorption spectra of NC samples were collected from 300 -1400 nm on a UV-visible spectrophotometer (Jasco V-670). Visible PL spectra were measured from 550 -900 nm on a spectrofluorometer (Jasco FP-8300). NIR PL spectra were measured from 800 -1400 nm on a different spectrofluorometer (Jobin Yvon/Horiba Fluorolog-3 FL3-111). Samples were measured in solution with hexanes as the solvent. Both visible and NIR PL were measured with excitation wavelength 348 nm. Data were then matched at 800 nm and normalized to the quantum yield (QY). The QY was determined for each sample by comparison to a Rh-101 standard. 51 Finally data were analysed by using the Fityk application to fit Gaussian functions to emissive peaks. 52 The goodness of fit parameter, χ 2 , was minimized via the Levenberg-Marquardt algorithm.
Results and discussion

Morphology of CuInS2 NCs
TEM of the product NCs indicated that a variety of morphologies and NC sizes were accessible via this synthetic route (Figure 2) . At low temperature (115 -135°C) small, monodisperse, spherical particles (~ 1.5 nm in diameter) were observed that showed an increase in size at the higher temperature. When the reaction temperature was above 135°C, rod-and plate-like products were seen in addition to the small spheres. Both these new morphologies showed increased size with increased reaction temperature, though the rods had a consistent width (1.8 nm). Further, the proportion of plates observed increased with reaction temperature.
Structure & composition of CuInS2 NCs
In order to determine the structure of the prepared NCs XRD data were collected for each sample (Figure 3a) . For samples prepared at 115°C, reflections characteristic of the ZB phase were observed. As the reaction temperature was increased, however, reflections characteristic of the WZ phase increased in intensity, appearing dominant for samples prepared at 215°C and 235°C. This structural trend was confirmed by Rietveld Refinement of the resultant XRD patterns for each reaction temperature (Figure 3b ). An EDS map collected from the sample prepared at 155°C (Figure 3c ) indicated that some plate-shaped particles seen at intermediate temperatures consisted of only Cu and S. As a result the Rietveld Refinement used to fit a structural model to the experimental data included three phases: the ZB and WZ CuInS2 phases reported by Chang et al. and the high chalcocite copper sulfide (hiCC Cu2S) phase reported by Wuensch et al., (Figure S1 and S2) . 36, 47, 50 For samples prepared at 115°C and 135°C, data were fit to within a statistically acceptable tolerance without the addition of the Cu2S impurity phase ( Figure S2) . 53 Small amounts of WZ and hiCC Cu2S may be present at these low reaction temperatures, however, crystallite size broadening of the more intense ZB peaks obscures the reflections from these phases. Application of the Scherrer equation to the broadened peaks yielded NC domain sizes in good agreement to those of nanoplates (at high temperatures) and spheres (at low temperatures) measured by TEM for samples prepared below 235°C ( Figure S3 ). This suggests that the NCs are single crystalline, in contrast to many literature examples, which exhibit polytypism. 40, 41 In order to ensure the prepared NCs were both single phase and single domain HRTEM images of individual NCs were collected. Lattice fringes in HRTEM show that the nanoplates (Figure 3d ) are single crystalline with a dspacing of 0.34 nm indexed to the (100) plane of WZ CuInS2. 28 In contrast, while the smaller spherical NCs (Figure 3e ) are also single crystalline, they have a d-spacing of 0.32 nm indexed to the (111) plane of ZB CuInS2. 36 .
Optical characterization of CuInS2 NCs
The absorbance spectra for NC samples are shown in Figure 4a . At lower reaction temperatures, the absorbance onset increases with increasing temperature, suggesting that the small NCs obtained at low reaction temperature are quantum confined. Above 175°C, there is no significant change in absorbance onset, indicating that NCs have grown larger than the WannierMott bulk exciton radius of CuInS2 (~ 4 nm). 13 This is in good agreement with the average size of NCs, 7 ± 3 nm at 175°C. A Tauc plot (Figure 4b ) was used to determine the band gap of the sample prepared at 215°C, which consisted of > 80% WZ phase NCs. 54, 55 The calculated band gap of 1.56 eV was consistent with the literature value for the WZ phase, 1.55 eV. 30 . PL spectra were collected for all samples from 550 -1400 nm and are shown in Figure 4c normalized to the QY. Multiple emissive peaks can be observed in both the visible and NIR spectral regions. At low reaction temperatures, visible emission at ~ 640 nm is dominant, which has been previously reported for ZB CuInS2, and is consistent with both TEM and XRD analysis. 17, 42 At high reaction temperature only NIR emission is observed. It is attributed to WZ CuInS2, the predominant structure formed at these temperatures. 32 The QY was < 0.8% for all samples ( Figure S5) . The visible peak, attributed to ZB CuInS2, was fit to a single Gaussian (Figure S6 ), which showed a red shift as reaction temperature increased. This is most likely due to an increase in the size of the NCs and the relaxation of quantum confinement conditions. This is consistent with the trends observed in absorbance spectra and reported in literature examples. [56] [57] [58] . The broad, multimodal shape of the NIR PL peak, centred at ~ 950 nm, and the large Stokes shift (0.25 eV) indicate that emission is from several trap states. To identify the energetic location of specific emissive defects, spectra were fit using Fityk, a curve fitting and data analysis application. 52 The data were fit for all samples by four Gaussians centred at 810, 898, 969 and 1069 nm ( Figure S6 ). A more detailed study of the origin and properties of this PL is currently being undertaken.
Mechanism of formation of prepared CuInS2 NCs
In order to determine the mechanism of formation of the prepared CuInS2 NCs, the In-S precursor solution, into which the Cu complex was injected, was examined. At 115°C, TEM images collected (Figure 5c ) indicate that small, spherical NCs of In2S3 are formed with diameter 1.14 ± 0.36 nm. XRD measurements (Figure 5a ) indicate a tetragonal β-In2S3 phase (JCPDS card no. 25-0390) with considerable line broadening observed due to the small crystallite size. 59 EDS analysis showed that the NCs were S deficient with composition In2S2.5. The ZB CuInS2 product of the complete reaction ( Figure 2 ) at 115°C is of comparable size (1.36 ± 0.33 nm) to the In2S3 precursor and the crystal structures of the two materials are closely related (tetragonal to cubic). It is therefore likely that the ZB CuInS2 product is formed by the intercalation of Cu (1 0 9) and (2 2 12) reflections suggest that rods are elongated in the c-direction. 61, 62 Since the In2S3 is in the same phase at both reaction temperature extremes, it is unlikely that intercalation of Cu + into tetragonal In2S3 is also the mechanism by which the hexagonal WZ CuInS2 is formed. Moreover, the morphology of the In2S3 precursor rods is very different than the CuInS2 nanoplates. An alternative mechanism is needed to explain the formation of the distinct product crystal structure (WZ) at higher reaction temperature. Literature examples have shown that at reaction temperatures greater than 200°C decomposition of a Cu-thiolate complex can occur yielding a Cu2S intermediate. [63] [64] [65] [66] [67] It was hypothesized that the formation of the WZ CuInS2 proceeds via this mechanism. To confirm the hypothesis, the chemistry of the injected Cu-DDT complex was altered. At reaction temperature 115°C, the DDT in the Cu solution was replaced by tert-dodecyl mercaptan (t-DDT). The tertiary carbon adjacent to the thiol in t-DDT facilitates the facile decomposition of the Cu-thiolate complex. 68 Therefore the injection of a Cu-t-DDT complex was expected to promote the nucleation of Cu2S, leading to an increase in the proportion of WZ CuInS2 formed at lower temperatures. XRD data of the NCs produced (Figure 6a ) indicated that indeed the dominant phase was WZ even at the low reaction temperature of 115°C.
TEM images (Figure 6b) showed that the sample was polydisperse with plate-like morphology. In an additional study, the DDT in the Cu solution was replaced by an equimolar amount of oleylamine (OlAm) at reaction temperature 215°C. If the decomposition of the Cu-DDT complex causes the nucleation of hexagonal Cu2S, allowing the growth of hexagonal WZ CuInS2, the use of a Cu-amine complex should give only the ZB phase. The XRD pattern of the resulting NCs (Figure 6a ) was, as expected, indexed to the ZB phase of CuInS2. TEM images (Figure 6c ) showed that these NCs had a mixture of morphologies with hexagonal and triangular shapes observed. Lattice fringing indicated that these morphologies were not characteristic of a hexagonal phase, but of twinning of the cubic ZB phase. It is therefore clear that the mechanism of WZ formation proceeds via the decomposition of the Cu-thiolate complex. To add further support to our mechanistic hypothesis, a detailed aliquot study of the reaction at 215°C was undertaken. Six aliquots of the reaction mixture were taken every 15s from injection of the Cu-DDT complex. The absorbance spectra of the aliquots (Figure 7a) showed a steady increase with temperature in both onset and intensity at larger wavelength. This is indicative of both the size and proportion of WZ CuInS2 increasing with time. PL measurements were also performed on each aliquot (Figure 7b phases Cu2S and In2S3. 39, 69 As the reaction progressed a peak in the visible region was observed to grow over the first 30s and then decayed completely by 30 min (Figure 2) . We have assigned PL in this region to ZB CuInS2 and it is thought that this emission is due to some intercalation of Cu into previously formed β-In2S3. This observation suggests that the ZB CuInS2 NCs are a reversible, kinetic product and WZ NCs are more stable at high reaction temperature. Continued heating caused the ZB NCs to dissolve in order for the growth of WZ particles to progress. This hypothesis is supported by the steady increase in intensity of PL in the NIR, which we have assigned to WZ CuInS2. Figure 7c -e show EDS mapping data from aliquots taken at 15s and 75s, and 30 min. Bright field, dark field and elemental analysis images can be found in Figure S8 -S9. After 15 s two distinct types of NC were present: nanoplates (diameter 7.40 ± 2.58 nm, depth 3.41 ± 0.53 nm), and nanorods (length 10.03 ± 4.67 nm, diameter 1.51 ± 0.39 nm). EDS mapping showed that the nanoplates were largely composed of Cu and S with some showing small amounts of In present. Lattice fringing in bright field TEM indicated that the nanoplates were single crystalline and had the hiCC Cu2S structure ( Figure S8) . 38 Literature precedent suggests that the formation of these Cu2S NCs was due to the decomposition of the Cuthiolate complex into the Cu2S intermediate. [63] [64] [65] [66] [67] The smaller rods were composed of In and S and were similar in size to the In2S3 rods (length 9.26 ± 1.23 nm, diameter 1.23 ± 0.44 nm) observed before injection. As the reaction progressed, the nanoplates showed a small increase in size (diameter 7.40 ± 2.58 nm, depth 3.41 ± 0.53 nm at 15s; and diameter 8.57 ± 2.68 nm, depth 3.60 ± 1.13 nm at 75s). Further EDS mapping indicated that the proportion of In in the plates also increased with time (Figure 7c-e) . This suggests that the hiCC Cu2S nanoplates are the most stable structure and early stage growth proceeds primarily through the intercalation of In into these NCs. The small In2S3 rods decreased in size with time and acted as a reservoir of In 3+ ions. The large increase in WZ CuInS2 nanoplate size between 75s ( Figure S8 ) and 30 min (Figure 2) indicates that beyond the initial intercalation step, there is further growth through the addition of more reactant ions and/or Ostwald ripening processes. In summary, the proposed mechanism of the WZ CuInS2 formation (Figure 1 ) is as follows: on injection of the Cu-DDT complex, decomposition of the thiol causes the nucleation of hiCC Cu2S. Then, as the reaction progresses, the dissolution of the precursor, In2S3 rods occurs. Excess In in the reaction mixture intercalates into the hiCC Cu2S nanoplates forming WZ CuInS2. Growth then proceeds until the reaction is quenched. This mechanism is in agreement with a number of literature examples, which report that the formation of WZ CuInS2 occurs via a Cu2S intermediate. 23, 27, 37 While not always explicitly implicated, in all of these examples a thiol is present in the reaction mixture and the reaction temperature is high enough (≥ 200°C) for the decomposition of a Cu-thiolate precursor to occur. Other studies suggest that WZ formation is dependent on the additional presence of a chelating amine ligand that coordinates strongly to the metallic precursors, manipulating the nucleation kinetics. 34, 35 Reinterpretation with our experiments in mind, suggests that the amine chelates the In A new synthetic method has been developed that produces WZ CuInS2 nanoplates with broad emission in the NIR. Samples were multiphase (WZ and ZB) and the presence of both In2S3 and hiCC Cu2S impurities was observed, however, by tuning the reaction temperature the relative proportion of these phases can be controlled. It was further found that the mechanism of WZ CuInS2 NC formation proceeded via intercalation of In 3+ into a hexagonal Cu2S intermediate, while ZB CuInS2 NCs were formed via intercalation of Cu + into tetragonal In2S3 precursor. Finally we determined that, in order to form the WZ structure, the decomposition of a Cu-thiolate precursor complex was necessary. Our mechanistic insight into the formation of this structure will inform future syntheses, advancing progress towards the production of quantum confined WZ CuInS2 for solar energy capture. This paper reports the first example of WZ CuInS2 NCs, produced using a direct synthesis, with emission in the nearinfrared that we are aware of. The observation of PL within the tissue transparency window, from NCs with non-toxic constituent elements, shows the exciting potential of WZ CuInS2 for use in biological applications. Additionally the observation of PL provides a strong foundation for further study of the optical properties of CuInS2 via luminescence spectroscopies. An understanding of these properties is indispensable in advancing work towards the use of this material in both photocatalytic and photovoltaic applications.
